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Solution Structure of a Pair of Calcium-Binding
Epidermal Growth Factor-like Domains: Implications
for the Marfan Syndrome and Other Genetic Disorders
A. K. Downing,*³ V. Knott,²³ J. M. Werner,* amino acid changes in cbEGF domains from some of
these proteins have been identified in patients with theC. M. Cardy,² I. D. Campbell,*³
Marfan syndrome, familial hypercholesterolemia, hemo-and P. A. Handford²³
philia B (diseases caused by mutations in fibrillin-1,*Department of Biochemistry
LDLR, and factor IX genes, respectively), and protein SUniversity of Oxford
deficiency (Dietz etal., 1995; Hobbs et al.,1992; GiannelliOxford OX1 3QU
et al., 1996; Gandrille et al., 1995).United Kingdom
In several of these proteins, cbEGF domains exist²Sir William Dunn School of Pathology
as tandem repeats, and calcium binding is critical forUniversity of Oxford
structural integrity and function (Kielty and Shuttleworth,Oxford OX1 3RE
1993; Fehon et al., 1990). This observation, coupled withUnited Kingdom
the fact that calcium binding to the EGF domain plays³Oxford Centre for Molecular Sciences
a role in stabilizing the N-terminus of the domain (Sel-New Chemistry Laboratory
ander±Sunnerhagen et al., 1992), has led to the sugges-University of Oxford
tion that calcium plays a general role in maintainingOxford OX1 3QT
structural rigidity of the interdomain linkage to present aUnited Kingdom
specific surface for protein±protein interactions (Campbell
and Bork, 1993). However, the precise nature of the
cbEGF domain±domain interactions, critical to the un-
Summary derstanding of genotype±phenotype relationships in this
large family of structurally related proteins, is not pres-
The nuclear magnetic resonance structure of a cova- ently known.
lently linked pair of calcium-binding (cb) epidermal Some insight was provided by the crystal structure of
growth factor-like (EGF) domains from human fibril- the cbEGF domain from factor IX (Rao et al., 1995). Two
lin-1, the protein defective in the Marfan syndrome, is of these domains pack at an angle of approximately
described. The two domains are in a rigid, rod-like 1308 in the crystal assymetric unit. This orientation is
arrangement, stabilized by interdomain calcium bind- stabilized by donation of a calcium ligand from one
ing and hydrophobic interactions. We propose a model domain to the next. The observation that the N- and
for the arrangement of fibrillin monomers in microfi- C-termini of the two domains are in close spatialproxim-
brils that reconciles structural and antibody binding ity led to the hypothesis that their relative orientation
data, and we describe a set of disease-causing muta- mimics that of covalently linked domains in proteins
tions that provide the first clues to the specificity of such as fibrillin-1,2, Notch, Delta, and Serrate. This idea
cbEGF interactions. The residues involved in stabiliz- is consistent with an observed approximate 25-fold dif-
ference in the calcium affinity of two binding sites in aing the domain linkage are highly conserved in fibrillin,
covalently linked pair of cbEGF domains from humanfibulin, thrombomodulin, and the low density lipopro-
fibrillin-1 (Knott et al., 1996). The crystal structure oftein receptor. We propose that the relative orientation
intact factor IXA was also recently reported, in which aof tandem cbEGF domains in these proteins is similar,
1108 angle stabilized by a single salt bridge is observedbut that in others, including Notch, pairs adopt a com-
between the calcium binding and non-calcium bindingpletely different conformation.
pair of EGF domains (Brandstetter et al., 1995).
Here we present a novel structure of a covalentlyIntroduction
linked pair of cbEGF domains. We show that in solution,
the thirty-second and thirty-third cbEGF domains from
The epidermal growth factor-like (EGF) domain is a
human fibrillin-1 are fixed in an extended conformation
widely distributed, independently folding protein mod-
that is quite different from the crystal-based model (Rao
ule that is thought to play a general role in extracellular et al., 1995). The domain interface is stabilized by cal-
events such as adhesion, coagulation, and receptor± cium ligation and hydrophobic packing interactions. We
ligand interactions (Campbell and Bork, 1993). A distinct discuss backbone 15N relaxation measurements for the
class of these domains has been identified containing pair, which clarify the role of calcium and rationalize the
a consensus sequence associated with calcium binding different affinities measured for the N- and C-terminal
(cb): D/N±x±D/N±E/Q±xm±D/N*±xn±Y/F (where m and n binding sites. Using sequence data, we divide proteins
are variable and * indicates possible b-hydroxylation) containing tandem repeats of EGF domains into two
(Rees et al., 1988; Handford et al., 1991; Mayhew et al., distinct classes and show that our structural model is
1992). The importance of the cbEGF domain is empha- likely tobe general for at least one class. We illustrate the
sized by its occurrence in functionally diverse proteins, implications of the structure for interactions of multiple
including those involved in extracellular matrix architec- tandem repeats of cbEGF domains, such as in connec-
ture (fibrillin-1,2, fibulin-1,2, nidogen), control of blood tive tissue microfibrils, and suggest a possible function
coagulation (factors IX and X, proteins C and S, throm- for b-hydroxylated residues in these domains. Finally,
bomodulin), cholesterol uptake (low density lipoprotein we use our model to show how known disease-causing
receptor [LDLR]), and specification of cell fate (Drosoph- mutations might disrupt intramolecular and intermolec-
ular interactions.ila Notch, Delta, and Serrate). Genetic mutations causing
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Figure 1. Stereoview Superposition of the 22
Final Structures Calculated by Simulated An-
nealing
The structures are overlaid on the backbone
(Ca, C, N) atoms of residues 2128±2129, 2134±
2135, 2139±2141, 2143±2145, 2148±2150,
2153±2171, 2175±2178, 2180±2186, and
2188±2204, which were selected based on
their backbone dynamics (see Experimental
Procedures). Root-mean-square deviations
from all distance constraints (1367) and from
experimental φ restraints (36) are 0.023 6
0.002 AÊ and 0.418 6 0.0888, respectively. De-
viations from idealized covalent geometry are
0.003 6 0.0001 AÊ (bonds) 0.614 6 0.0108
(angles) and 0.328 6 0.0138 (impropers). The
backbone of the average minimized structure
is highlighted by a yellow ribbon.
Results and Discussion 33, as shown in Figure 2. The main interaction involves
the side chains of Tyr 2157 with Gly 2186 and the two
methyl groups of Ile 2185. The key role of Tyr 2157 isStructure of the cbEGF Domain Pair
striking, since conservation of an aromatic residue atThe structure determination of the thirty-second and
this position was previously noted (Campbell and Bork,thirty-third cbEGF domains from human fibrillin-1 (fib32±
1993), but the participation of this residue in pairwise33) was based on a total of 1351 nuclear Overhauser
domain interactions was not known.effect (NOE)-derived interproton distance constraints,
The structures are overlaid in Figure 1, based on the36 backbone φ torsion angle constraints, and 16 con-
backbone coordinates of 60 residues, as described instraints for calcium ligation (see Experimental Pro-
the figure legend and in Experimental Procedures. Thecedures). The primary structure of the EGF domain is
root-mean-square deviation to the unminimized averageprincipally defined by six cysteines, known to disul-
coordinates is 0.69 6 0.24 AÊ for backbone (Ca, C, N)phide-bond in a 1±3, 2±4, 5±6 pattern (Campbell and
atoms and 0.95 6 0.22 AÊ for all heavy atoms of theseBork, 1993). The fold has no well-defined hydrophobic
residues. The program mod2 (Bork et al., 1996) was usedcore (Hommel etal., 1992). An exceptionally high number
to measure the tilt and twist angles for each member ofof interproton interactions has been observed for this
the ensemble, which are 18 6 68 and 159 6 68, respec-pair, compared with data recorded on isolated domains,
tively. This is in sharp contrast to the orientation of thedue in part to stabilization of the N-terminus of domain
two domains in factor IX crystals, which are related by33 by calcium ligation (see below). A direct correlation
tilt and twist angles of 1328 and 478. The conformationhas been demonstrated between the number of con-
also differs substantially from the 1108 tilt angle ob-
straints per residue and the quality of the nuclear mag-
served for the EGF pair from factor IXA (Brandstetter et
netic resonance (NMR)-derived structure, which indi-
al., 1995).
cates that this structure, calculated with more than 17 Each domain is individually very well defined, with
constraints per residue, is of relatively high resolution backbone (Ca, C, N) root-mean-square deviations to the
(Clore and Gronenborn, 1991). The 22 final structures unminimized average coordinates of 0.46 6 0.15 AÊ and
shown in Figure 1 were selected based on agreement 0.31 6 0.10 AÊ for the N- and C-terminal domains, respec-
with the experimental data, with no NOE violations tively. The tertiary folds of the two domains, comprising
greater than 0.3 AÊ and no torsion angle violations greater major and minor double-stranded b-sheets, are globally
than 38. similar (Figure 3). However some of the inter-cystine
The two domains are orientated in a near-linear ar- loops vary in length and conformation. The most notable
rangement, which is stabilized by calcium ligation of the differences are observed first in the vicinity of the helix-
C-terminal domain and interdomain hydrophobic pack- like turn linking the first and second cystines, in which
ing interactions. A conserved aromatic residue at the each domain has a proline but in different positions; and
open end of the minor b-sheet of cbEGF domain 32 second, in the orientation of the minor b-sheet, which
is influenced by interdomain packing. Unusually, thispacks against the end of the major b-hairpin of domain
Structure of a Calcium-Binding EGF Domain Pair
599
to imperfections in the experimental structure determi-
nation. The reason for the approximate 25-fold differ-
ence in calcium affinity observed for the binding sites
in the N- and C-terminal domains (Knott et al., 1996) is
also unclear. Structural and mutagenesis data for ho-
mologous cbEGF domains (Persson et al., 1989; Hand-
ford et al., 1990, 1991; Mayhew et al., 1992) suggest
that the calcium (Ca21) atom in each domain is chelated
by the same number of ligand oxygens in a similar ar-
rangement. Hence, it is unlikely that the difference in
Ca21 binding affinity at the two sites (N and C) is intrinsic
to each isolated repeat. No ligand is donated from one
domain to the next, as in the factor IX crystal packing,
so this cannot be an explanation. The different affinities
could, however, arise from shielding of the calcium ion
from solvent and provision of a better defined binding
site by the interdomain interface. To help resolve these
questions, we measured backbone 15N longitudinal (T1)
and transverse (T2) relaxation rates for fib32±33 (see
Experimental Procedures). Qualitatively, T2 values pro-
vide a measure of the backbone mobility of NH bonds
relative to the overall tumbling rate of the protein in
solution on a nanosecond±millisecond time scale.
The T2 values for residues near the N-terminus (data
not shown) are much more variable than for the corre-
sponding residues in the C-terminal domain. The first
three residues have a longer T2, owing to extensive mo-
tion, but several other residues, including Ca21 ligands,
have shorter T2 values, indicating exchange between
conformations on the millisecond time scale. These data
suggest that theN-terminal Ca21 binding site is not main-
Figure 2. Schematic Illustration of the Domain±Domain Packing In- tained in the correct conformation to bind calcium. This
teractions of the fib32±33 Pair would be expected to reduce the affinity of the N-termi-
Tyr 2157 is highlighted in yellow, and Ile 2185 and Gly 2186 are in nal domain owing to unfavorable entropic and enthalpic
cyan. b-strands are depicted by green arrows, and calcium atoms effects. T2 relaxation times for the residues joining theare shown in red. This figure was rendered (Merritt and Murphy,
two domains are within one standard deviation of the1994) from MOLSCRIPT (Kraulis, 1991) input.
average. These data support a model in which the cal-
cium maintains the rigidity of the interdomain linkage.
ªb-sheetº is distorted by a proline in the C-terminal A hinge-like motion between the two domains is not
domain. suggested by the 15N relaxation data, and thesmall varia-
A sequence alignment of cbEGF domains of known tion in interdomain angles for the pair is probably due
structure is shown in Table 1. A constant number of to uncertainties in the structure determination.
residues is observed between the third Cys and the
conservedaromatic residuebetween the 5±6 disulphide.
We will refer to this region as the ªEGF core,'' shown Sequence Analysis of cbEGF Pairs:
Two Possible Conformations?shaded in Table 1, which comprises the major b-sheet
of the EGF fold for these proteins. The loops connecting To investigate the degree of conservation of the packing
interactions observed in the fib32±33 pair, we extractedCys residues 1±2, 2±3, and 5±6 are variable; it is probable
that the differences in turn length and composition are the sequences of 250 EGF±cbEGF and cbEGF±cbEGF
pairs from the Swissprot database (see Experimentalrelevant to the specificity of EGF domain interactions.
The known structures were overlaid based on the back- Procedures). Analysis of the pairs indicated that they
can be divided into two distinct classes, based only onbone coordinates of the EGF core, and the backbone
root-mean-square deviations for the structures are the number of residues (one or two) linking the two
domains. The proteins containing these pairs are dividedgiven in Table 1. The two domains of the fib32±33 pair
are the most dissimilar, reflecting the change in confor- according to the number of link residues in Table 2.
Connective tissue proteins (fibrillin-1,2, fibulins) are notmation of the major b-sheet, due to interdomain packing
(see Figures 2 and 3). in the same class as products of the neurogenic loci
(Notch, Serrate, Delta). Generally, in each individual pro-
tein containing multiple tandem repeats of the consen-Dynamics of the cbEGF Domain Pair
and the Role of Calcium Binding sus EGF±cbEGF sequence, only pairs of one class are
observed; this implies that domain±domain interactionsThere is a slight (6 68) variation in interdomain angles
across the family of 22 structures, calculated from the are usually homogeneous within an individual protein.
An exception is protein S, which contains a sequenceNMR data. This could be due to a hinge-like motion or
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Figure 3. Comparison of the Structures of Fi-
brillin cbEGF Domains 32 and 33
The two domains were superposed on the
coordinates of the EGF core (see Table 1) and
displaced along the x-axis. Disulphide bonds
are shown in yellow. Note that the loop con-
necting the first two cystines is helical in do-
main 33. The conformations of the major and
minor b-strands differ owing to domain±
domain packing. This figure was rendered
(Merritt and Murphy, 1994) from MOLSCRIPT
(Kraulis, 1991) input.
of four EGF domains (EGF±cbEGF±cbEGF±cbEGF) with the length of the loop connecting the 5±6 disulphide.
This may be important in determining different pairwisetwo link residues between domains 1±2 and one link
residue between domains 2±3 and 3±4 (DahlbaÈ ck et al., domain interactions in the two classes. Intriguingly, a
conserved carboxylate±carboxyamide side chain is ob-1986).
Sequence alignment of the two classes of pairs was served in Class II at the position of the ligand donated
from the N- to C-terminal domain in the crystal structureused to generate the consensus sequences shown in
Figure 4 (see Experimental Procedures).The glycine res- of the cbEGF domain from factor IX. These alignments
strongly suggest that the Class II pairs are likely to adoptidue involved in domain±domain packing (equivalent to
Gly 2186 in the fib32±33 pair) forms part of the consen- a different conformation. It is possible that in Class II
pairs, a ligand will be donated from the N- to C-terminalsus sequence for Class I, but not for Class II. This obser-
vation is consistent with our hypothesis that the struc- domain, as observed in the factor IX cbEGF crystals.
This hypothesis will be tested by structural studies ofture of the fib32±33 pair is typical of those pairs
containing a single link residue. A striking feature of the other EGF pairs.
Class I and Class II consensus pairs is the difference in
Implications for Connective Tissue
Table 1. Amino Acid Sequence and Atomic Coordinate Microfibril Assembly
Comparison of cbEGF Structures
Mutations in the gene encoding human fibrillin-1 cause
EGF core the Marfan syndrome, an autosomal dominant disease
fibrillin 32 DMDECKEPDVC KHGQCINTDGSYRCECPFGYILAGN EC of connective tissue which occurs at a frequency of at
fibrillin 33 DTDECSVGNPC GNGTCKNVIGGFECTCEEGFEPGPMMTC
least 1 in 5,000 in the population (reviewed in Sakai andfactor IX DGDQC ESNPCLNGGSCKDDINSYECWCPFGF EGK NC
Keene, 1994; Dietz and Pyeritz, 1995). Approximatelyfactor X DGDQC EGHPCLNQGHCKDGIGDYTCTCAEGF EGK NC
two-thirds of fibrillin-1 is comprised of cbEGF domains
(Pereira et al., 1993; Corson et al., 1993). Therefore,Backbone (Ca, C, N) r.m.s. deviations for conserved residues1
the results of this study are particularly important for
fibrillin 32 fibrillin 33 factor IX2 factor IX3 factor X4 understanding the structural basis of the Marfan syn-
fibrillin 32 Ð drome. Fibrillin-1 is a major structural component of 10
fibrillin 33 2.3 Ð
nm connective tissue microfibrils. These are located infactor IX 1.5 1.4 Ð
the extracellular matrix and are thought to perform afactor IX 1.6 1.4 1.0 Ð
factor X 1.1 1.9 1.2 1.3 Ð number of different functions, one of which includes
acting as a scaffold for the deposition of tropoelastin in1 The residue numbers used for structure comparison are human
elastic fiber formation (Dietz and Pyeritz, 1995). Immuno-fibrillin-1: 2142±2157 (domain 32); 2181±2196 (domain 33), human
factor IX: 62±77, bovine factor X: 61±76. histochemical data show that fibrillin monomers are as-
2 Crystal structure, Ca21 bound (Rao et al., 1995). sembled in a repetitive manner along the microfibril,
3 NMR structure, apo form (Baron et al., 1992). although the exact arrangement remains unsolved (Sa-
4 NMR structure, Ca21 bound (Selander±Sunnerhagen et al., 1992).
kai et al., 1991).
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A model for fibrillin cbEGF domains 32±36 (fib32±36)Table 2. Classification of Proteins Containing EGF-cbEGF/
cbEGF-cbEGF Pairs has been constructed (see Experimental Procedures
and Figure 5) that allows predictions to be made aboutClass I: one Class II: two
the dimensions of the cbEGF regions of the fibrillin mo-interdomain residue interdomain residues
nomer. This replaces a previous model of this region
fibrillin-1, 2 (human) Notch (Drosophila), Xotch
based on the crystal packing of the factor IX cbEGF(Xenopus)
domain (Figure 5; Handford et al., 1995). However, wefibulin-1 (A, B, C, D), fibulin-2 Delta, Serrate (Drosophila)
predict that this earlier model may still be relevant for(human, mouse)
the organization of Class II proteins containing multipleTGF b1-bp (human, rat) Crumbs (Drosophila)
tandem repeats of cbEGF domains (Table 2), especiallyLDL receptor (human, Slit
since the conserved asparagine residue in these pro-Chinese hamster, mouse,
rabbit, rat, Xenopus) teins is equivalent to that of the interdomain calcium
ligand observed in factor IX cbEGF domain crystals (RaoEGF (human, mouse) lin-12, GLP1 (C. elegans)
Nidogen/entactin (human, Large fibroblast et al., 1995).
mouse) proteoglycan protein The dimensions of fib32±36 are approximately 14.5
(human) nm by 2 nm. The width corresponds very well with that
Thrombomodulin (human, EGF homologous measured for the fibrillin monomer (2.2 nm) using elec-
bovine, mouse) protein (sea urchin) tron microscopy (Sakai et al., 1991). The fib32±36 model,
Protein S (human, bovine) Protein S (human, bovine) combined with electron microscopy data and the gene
Uromodulin (human, rat) structure of human fibrillin-1 (Figure 6), suggests that
the linear arms between beads comprise extended re-
gions of multiple tandem repeats of cbEGF domains.
The molecular organization of wild-type and mutant- The length of the 43 cbEGF domains, according to the
containing connective tissue microfibrils has been ex- dimensions of the fib32±33 model, is approximately 120
amined by electron microscopy. Wild-type microfibrils nm. Assuming that the 8-cysteine and hybrid repeats
have a periodic beaded appearance with well-defined are globular (with a diameter of approximately 2±3 nm),
boundaries (reviewed in Dietz and Pyeritz, 1995; Sakai we suggest that the extended monomer spans two in-
and Keene, 1994). Pepsin digestion of tissues rich in terbead regions. Our results, taken together with anti-
microfibrils produce rod-shaped fragments and beads body labeling data, which showed that two different
surrounded by linear ªarmsº (Maddox et al., 1989). antibodies labeled microfibrils with the same periodicity
Calcium plays an important role in maintaining micro- (Sakai et al., 1991), imply that within the microfibril,
fibril structure. The interbead region of microfibrils cbEGF domains of fibrillin monomers are organized in
isolated from Marfan cell lines that contain mutations a parallel, staggered arrangement with 50% overlap
altering calcium-binding residues in EGF domains are (Figure 6). Our model predicts that the removal of cal-
relatively diffuse in electron micrographs, similar to cium from the microfibril will reduce the interbead dis-
when they have been treated to remove calcium (Kielty tance, due to increased flexibility of the cbEGF interdo-
et al., 1993; Handford et al., 1995). These data support main linkage. This may be one explanation for the
a model for microfibril assembly in which the cbEGF reported variation in interbead domain length (Keene
domains are the major structural component of the in- et al., 1991). These considerations and this model are
compatible with the length (148 nm) of purified fibrillinterbead region.
Figure 4. Consensus Sequences for Class I
and Class II EGF±cbEGF/cbEGF±cbEGF Do-
main Pairs
(See Table 2 and Experimental Procedures.)
Residues involved in domain±domain pack-
ing in the fib32±33 pair are represented by
closed circles. The conserved asparagine
that could participate in interdomain calcium
ligation in Class II pairs is highlighted by an
asterisk. While an N-terminal calcium binding
site is observed in more than 60% of the Class
I pairs, only the Asp/Asn, which participates
in an ASX turn, (Rao et al., 1995) is highly
conserved in the Class II pairs.
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Figure 5. Models of Human Fibrillin-1 Calcium Binding EGF-like Domains 32±36
The model shown in green was constructed using the coordinates of the fib32±33 pair (see Experimental Procedures). In yellow is shown the
model previously proposed for domains 32±36, based on the crystal packing of the calcium binding EGF-like domain from human factor IX
(Rao et al., 1995; Handford et al., 1995). The length of the revised model (green) is more than two times that of the earlier model (yellow).
monomers (Sakai et al., 1991), which is likely to be a mutations that disrupt interdomain packing from those
that alter intermolecular interactions. All reported muta-conservative measurement, since EDTA was used in the
purification. tions can be classified into three groups, according to
theireffects on disulphide bond formation, calcium bind-How might such an assembly be stabilized? It has
been proposed, based on the free sulphydryl content of ing, and intra- or intermolecular interactions.
The consequences of the first two types are relativelyfibrillin monomers, that intermonomer disulphide cross-
links could exist (Sakai et al., 1991). Recent identification simple to interpret. Mutation of a conserved cysteine
probably causes domain misfolding. Altering a Ca21 con-of a disulphide cross-link between TGFb1 binding pro-
tein and TGFb mediated by an 8-cysteine repeat (Sahari- sensus sequence residue is likely to result in reduced
calcium affinity (Handford et al., 1995) and destabilizesnen et al., 1996) gives credence to this proposal. How-
ever, comparison of the calcium coordination in the the cbEGF domain linkage. Of the mutations in the re-
maining group, two involve changes to cysteine (fibril-fibrillin cbEGF pair to that in the factor IX cbEGF domain
crystals suggests another mode of stabilization: in lin-1: R627C and R2680C) and are likely to cause forma-
tion of nonnative disulphide bonds, or intermolecularfib32±33, calcium is coordinated by six oxygen atoms,
an incomplete pentagonal bipyramid; hence, the possi- cross-links, or both. Mutation of the glycine in the posi-
tion that is involved in domain±domain packing in thebility exists that another monomer donates an additional
ligand in a cross-strand fashion. Moreover, b-hydroxyla- fib32±33 structure (fibrillin-1: G2627R; LDLR: G322S) is
predicted to alter pairwise cbEGF domain interactions.tion, a posttranslational modification of unknown func-
tion associated with cbEGF domains (Stenflo, 1991), Like the fibrillin-1 R1137P mutation (Wu et al., 1995),
other changes involving glycine or proline (LDLR:which has been shown to occur in fibrillin (Glanville et
al., 1994), could also contribute to the stability of the G314S; fibrillin-1: G1127S, P1148A) may compromise
the cbEGF domain fold. The remaining and potentiallyfibrillin complex. The b-hydroxyl groups of modified
Asp/Asn residues in the calcium-binding consensus se- most interesting class of mutations (fibrillin-1: R1170H;
LDLR: D321E; protein S: K155E, E208K) fall in variablequence of fibrillin cbEGF domains would be exposed,
based on the fib 32±33 structure, and could participate loop regions. Since there is no obvious structural expla-
nation for these mutations producing the disease phe-in intermolecular hydrogen bonds.
notype, it is likely that they provide the first clues to
the surface or surfaces of the EGF domain engaged inMutations Implicated in Disease
protein±protein interactions.In previous studies, the consequences of fibrillin, LDLR,
and protein S mutationscould only be evaluated in terms
of the structure of the isolated cbEGF domain (Rao et Conclusions
This structure determination of a covalently linked pairal., 1995; Dietz and Pyeritz, 1995). It is now possible,
with knowledge of the fib32±33 structure, to distinguish of cbEGF domains has given new insight into the role
Structure of a Calcium-Binding EGF Domain Pair
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Figure 6. The Domain Structure of Human Fibrillin-1 and a Model for the Organization of Fibrillin Monomers withinConnective Tissue Microfibrils
The domain structure of human fibrillin-1 (Pereira et al., 1993) is shown on top, and the model for the organization of fibrillin monomers within
connective tissue microfibrils is shown below. The position of the cbEGF domains (32±36) shown in Figure 6 is highlighted. In the model,
fibrillin monomers are shown as arrows. The monomers are arranged in a parallel, staggered, head-to-tail arrangement, with N- and C-termini
in the ªbeadº regions (shaded). The dimensions of the fib32±33 pair, combined with the results of antibody labeling data (Sakai et al., 1991),
suggest that the extended fibrillin monomer spans two interbead regions with 50% overlap, as shown. The inverted Ys denote the position
within each monomer of a putative antibody binding site.
1989a, Kay et al., 1992) recorded on a home-built/GE Omega spec-of tandem domains that are found in a wide range of
trometer operating at 500 MHz, fitted with a triple resonance probeimportant proteins. The extended, rod-like conformation
with self-shielded pulsed field gradients. This three-dimensional ex-
points to testable models for how such domain pairs are periment was recorded with acquisition times of 82 ms in the direct
assembled in fibrillin monomers and connective tissue 1H (F3) dimension, 10 ms in the 15N (F2) dimension and 56 ms in the
microfibrils. It also provides possible explanations for indirect 1H (F1) dimension, in approximately 3 days. Linear prediction
was used to double the F2 dimension acquisition time to 20 ms (Zhudisease-causing mutations in several genetic disorders,
and Bax, 1990). All NOESY spectra were acquired with a 200 msincluding the Marfan syndrome and familial hypercho-
mixing time.lesterolemia. The structure, together with a sequence
The program NMRView (Merck and Co., Inc.) was used to assist
analysis, suggests a new classification of proteins con- with NOE assignment, based on proton chemical shifts, and quanti-
taining multiple tandem repeats of cbEGF domains, with tation of crosspeak intensities. These intensities were converted to
three generous categories of distance constraints, 2.8 AÊ , 3.5 AÊ , andfibrillin in one class and Notch in the other.
5.5 AÊ , to compensate partially for spin diffusion effects and motional
averaging. A total of 495 intraresidue (|i-j| 5 0), 335 sequential
Experimental Procedures (|i-j| 5 1), 154 short-range (1 < |i-j| < 4 ), 275 long range (|i-j| > 4),
and 92 ambiguous NOE derived distance constraints were used in
Protein Expression structure calculations.
Fibrillin cbEGF domains 32 and 33 comprise residues 2124±2205 The EGF domain fold contains no hydrophobic core; hence, back-
bone torsion angle constraints are particularly important for definingof human fibrillin-1 (Pereira et al., 1993). Cloning, expression, and
its solution structure. High resolution 3JHNHa coupling constants werepreliminary characterization of this domain pair has been reported
determined using two methods, line shape fitting to one-dimensionalpreviously (Knott et al., 1996).
traces extracted from a 15N±1H HMQC±J spectrum (Kay and Bax,
1990) and comparison of intraresidue HN±N and HN±Ha crosspeakData Acquisition and Analysis
intensities in a three-dimensional HNHA spectrum (Vuister and Bax,Protein samples for homonuclear experiments contained approxi-
1993). Backbone torsion angles were restrained for 36 residues withmately 2 mM purified protein and 12 mM Ca21 (in the form of CaCl2) large (3JHNHa > 8.0 Hz) and small (3JHNHa < 6.0 Hz) coupling contantsat pH 6.5 in 90% H2O/10%2H2O or 99.996% 2H2O. The 15N-enriched with a minimum range of 6 308. All torsion angle constraints were
sample contained approximately 4.5 mM purified protein and 14 consistent with initial structures calculated in their absence.
mM Ca21 (in the form of CaCl2) in 90% H2O/10%2H2O. At these Ca21 For each calcium atom, 6 NOE constraints were included to ligand
concentrations, in the absence of additional salt, both Ca21 binding oxygens defined by the factor IX crystal structure and mutagenesis
sites of the pair were deemed saturated, based on the chemical studies (Rao et al., 1995, Handford et al., 1991). Ca-O distances
shifts of aromatic ring protons, which were used to monitor calcium observed in the crystal structure ranged from 2.24±2.53 AÊ ; in these
binding (Knott et al., 1996). Felix 2.3 (Biosym, Inc.) was used to calculations, the calcium±oxygen distance was constrained to lie in
process the NMR data. Initial sequential assignments were made the range 2.2 AÊ < dCa-O < 2.6 AÊ . In the factor IX crystal structure, a
based on comparison of homonuclear two-dimensional NOESY hydrogen bond was observed between the carboxylate side chain
(Jeener et al., 1979; Macura et al., 1981), HOHAHA (Aue et al., 1976; of the second consensus calcium-binding residue and the amide
Brown et al., 1988) and COSY (Braunschweiler and Ernst, 1983; Bax proton of the following cystine, forming an ASX turn. In order to
and Davis, 1985) spectra recorded at308C and 358Cat field strengths maintain the correct geometry of the calcium-binding site, side
of 500, 600, and 750 MHz, as described previously (Knott et al., chain±backbone hydrogen bond constraints between Asp 2129±Cys
1996). These assignments were confirmed and completed using 2131 and Asp 2168±Cys 2170 were also included. Each hydrogen
comparison of strips extracted from within the amide region of a bond was restrained using two distance constraints, dO-N 5 3.0 6
0.3 AÊ and dO-HN 5 2.0 6 0.3 AÊ .gradient-enhanced 15N-separated NOESY spectrum (Kay et al.,
Cell
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A total of 1387 NMR derived constraints were used as input for during the minimization to replicate calcium ligation and domain±
domain packing interactions in the fib32±33 pair.ab initio simulated annealing from an extended template structure
with ideal covalent geometry, using the program X±PLOR v3.1
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